LT It

NASA Technical Memorandum 81827

- NASA-TM-81827 19800017878

»
LN
P
ATM-CMG CONTROL SYSTEM STABILITY N o &
L M@,,‘v &
"{;Qv d""ﬂ" P
5 @@ﬁ} .
<

W. W. Anderson, L. M. Avis, and K. ,L_. Jacobs

MAY 1980
WErielEaliiNatatol
R
JUN 20 520
Lroeo. . . DLITER

HANP iGN, VIRGMHA

NANASA

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23665







I

2

("

NATTONAL AERONAUTICS AND SPACE ADMINISTRATION

LANGLEY RESEARCH CENTER

ATM-CMG CONTROL SYSTEM STABILITY
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INTRODUCTION

" The Apollo Telescope Mount Cluster (ATM, fig. 1) represents the first pro-
posed implementation of a large space station capable of supporting man and '

experiment packages in a near-earth orbit for extended periods of time (ref. 1).

Primary attitude control to 0.1° and 1.0 ﬁ/sec will be provided by a control
moment gyro (CMG) system with gravity grad_ient momentum desaturation capability.

This'paper presents a discussion of theoretical and experimental research

on the stability of this proposed CMG attitude control system. The system

experimental data were generated with the Langley Real-Time Digital-Hardware
Spacecraft Simulation (ref. 2). The simulation presently uses three prototype
1,000 ft-lb-sec CMG's (fig. 2) and associated control electronics, and a o
CDC 6600 digital computer programed in real time for vehicle dynamics, required
ATM digital control logic, vehicle sensors, filters, and vehicle control logic.
The vehicle modal data and design gains used were obtained from reference 3

and will be updated as new data become available. o ‘

The theoretical and experimental results of this work are divided into’
three areas. First, the unit CMG mechanical and electronic characteristics’
are discussed and CMG gimbal rate or precessional output torgue phase and gain
date are presented. Second, the momentum feedback or inner loop is discussed
theoretically in terms of required CMG bandwidth and experimentally in terms -
of resulting moment-to-moment output phase and gain and step-function response.
Finally, vehicle or outer loop stability data are presented as a function of ‘
CMG gimbal orientations and inner and outer loop gains. In all cases, modifi- |
cations to the flight design are employed only when required to achieve stable
low limit cycle response. The fine-pointing mode only has been evaelusted at
this writing. The effects on experimental date of simulation computer hardware .
have been minimized but are, of course, present to a certain degree. - :

SYMBOLS
[:A] square matrix of rank three (3) relating control moment G

to angular momentum error IHe

Aij element of matrix . [:A:] ‘on ith row and jth column



absolute value of element Aiy

CMG generated control moment

control moment component

(MG gimbal angle rate transfer function

total spin angular momentum of the three (MG's
Qonstant spin angular momentum of single CMG
spacecraft mbment of inertia

imaginary part of s

inner loop compénsation filter gain

ratio of simulated spacecraft attitude error gains to design
attitude error gains ‘ v

MG gear traiﬂ torsional stiffness

steering law forward loop gain

mgximum velue of Kqp, © H at which inner loop is stable
spacecraff attitude error gein for ith axis
spacecraft attitude rate error ga.in for ith exis
disturbance moment caﬁponents'

commanded control moment

filtered commanded control moment

any integer | |

real pért of s

Laplace transform variable .

time

angular frequency of bending filter

spacecraft reference axes

'operator, operates on filtered.commanded control moment to

yield commanded (MG angular. momentum

)
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Subscripts
c

e

F

i3,k

X,¥52

1,2,53

outer gimbal angle
inner gimbalvangle
MG gear train deadband

spacecraft attitude error angle of rofation about ith
spacecraft axis

bending filter parameter

phase angle of CMG gimbal rate relative to commanded gimbal‘
rate . : .

spacecraft angular velocity component

commanded value

error Qalue

filtered value

cyclic pefmutation of 1,2,3; X,¥,2

limited wvalue

component for the x-; y-, or z-exis

CMG description number; for all gimbal angles zero, _
CMG No. 1 H-vector points along x-axis, CMG No. 2 H-vector

points along y-axis, CMG No. 3 H-vector points along
z-axis ’ :

Brackets [ﬁ] enclosing & squaré array of quentities denote. & square

matrix. Braces

enclosing a horizontal array of quantities (separated

by commas) denote a’'row vector, and braces enclosing a vertical iarray denote
a column vector. The juxtaposition of a row vector and a column vector, in

that order,

indicates that the inner product of the two vectors is to be

teken. A bar () over e symbol denotes & vector. A dot () over & symbol
designates the derivative with respect to time. S



MSFC AND LRC COORDINATE SYSTEMS

Figure 3 illustrates the orientation of the CMG's and the definitions of .
the CMG gimbal angles for the MSFC and the LRC coordinates relative to the
vehicle axes; x, the axis of minimum moment of inertia (workshop-CSM axis,
fig. 1), 1z, the telescope viewing axis (IM/ATM axis, fig. 1), and y, the eaxis
normel to x and 2z forming a right-handed system. . :

The outer gimbal angles and the inner gimbal angles of the CMG's are
labeled "a" and "B," respectively, with a numerical subscript denoting the
relevant CMG. The 3-CMG system generates control moments by means of exchange -
of angular momentum, Hx’Hy’Hz’ with the remainder of the spacecraft.

The proposed flight éystem conforms to the MSFC orientation; however, much:

- of the data presented in this paper pertain to the LRC-CMG orientation because

the digital simulation program in LRC coordinates had been thoroughly checked
out, while the program in MSFC coordinates had not. The data pertaining to

MSFC coordinates presented herein were acquired after the MSFC coordinate digital
similation program was checked out. The control systems employing the MSFC and
LRC coordinstes are sufficiently similar that most conclusions for one system
are valid for the other..

CMG UNIT CHARACTERISTICS

The control moment gyro (CMG) (fig. 2) is a double-gimbaled momentum
st)orage device. A 2h-inch-diasmeter rotor spinning at 11,450 rpm provides
1,000 ft-lb-sec of momentum. The rotor is located within the inner gimbal and
is powered by a three-phase induction-type synchronous motor.. Excitation for
the motor is supplied by either a 400 Hz supply or a variable frequency inverter
using 28 V dec.

The CMG unit weighs 209 pounds without the outer frame which serves as &
mounting device. The CMG's maximum dimensions are 39.2 inches across the outer
frame and 39 inches across the outer gimbal assembly,  including its actuator and
sensor packages. A . '

Located on each gimbal are an actuator and sensor package. The actustor
package contains a 7 ft-1b dc brush torque motor, a dc brush' tachometer, and a
two-stage planetary gear train with a ratio of 67.6 to 1. The sensor package
consists of a second dc brush tachometer, & linear potentiometer, and sine-
cosine resolvers. Both gimbals are fully slipringed and have complete rotation
capability. The associated electronics provides the CMG with gimbal servo loops,
rotor drive power, and system malfunction indicators such as excessive rotor
bearing temperatures, rotor speed veriations, and electronics failures.

Figure b illustrates an operational block disgrem of the QMG gimbal rate’
servo loops. Command gimbal rate signals are sensed at points A, éand AB’

compared with torque motor tachometer signals and the difference or error signal |

%2 )
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nulled by the torque motor transmission gimbal control -loop. This results in.-a
pseudo-control of the actuel gimbal rates at points By and Bp. The most
obvious feature of the servo loop is that the rate of the gimbal is not the .
controlled element but rather the rate of the torque motor. The contractor's
design philosophy consisted of controlling the motor's rate and assuming that
the gear train (Ca.:CB) between the motor and gimbal would serve as & rigid link
with, of course, the linear reduction in rate due to the gear ratio. Gear train
compliance, l/KG, and deadband, A, do exist, however, and have a significent
effect on performance, as will be illustrated later.. Another CMG feature shown
in figure 2 illustrates the momentum coupling (DouDB) between the gimbals which
causes the gimbal rate loops to interact and is, in fact, the main gyroscopic
effect causing the predominant control torques felt by the spacecraft.

Performance of the servo loop in CMG hardware indicated & major difference
in frequency response between the torque motor and the gimbal. Although a '
bandpass of 7 Hz was available at the motor with the contractor's servo loop
and later updated at LRC to a bandpass of 15 Hz, figures 5 through 16 indicate
gimbal bandwidths of only 3 to 4 Hz. This degradation in performance was found
experimentally to result from the large deadband and & low stiffness of the
gear train. Output deadbands as large as 0.1° and output torsional compliance
values on the order of l/hT,OOO ra.d/ft-lb were realized. The gear train dead-
band affects the CM: gimbal response by determining the actual magnitude of
minimum sinusoidal displacement cepable of being passed. When the torque motor
is commanded to produce a constant magnitude sinusoidel rate with varying fre-
quency, the corresponding magnitude of displacement also varies, proportional
to l/w. Consequently, when the frequency of the commanded rate approaches
3.5 to 4.5 Hz, the output displacement of the torque motor becomes equel to
the input deadband of the gear train and no movement is transmitted to the .
gimbal. The compliance of the gear train also affects the gimbal response by
providing a lag between input and output due to a spring windup effect of the
transmission. Due to the inability of the gear train to pass higher frequencies,
a program is now in progress to improve or replace,with an optimal unit,the
gear train and to attempt to compensate for the gear train electronically.

Figures 16 through 19 indicate the gimbal rate responses of the No. 3
MG after the teeth of the gear trains had been plated, the output bearings
preloaded, and with approximately 200 hours of operational time. A comparison
of figures ‘17 through 20 with figures 13 through 16 illustrates the lack. of
improvement of the gimbal frequency responses. Although an initial improvement
was realized with the reworked gear trains, apparently operational time has
caused deterioration of the gear train's capability. .

MOMENTUM FEEDBACK -LOOP

Three 2,000 ft-lb-sec CMG's similar to the Langley prototypes are employed
in the ATM design system. Their precessional torque output is controlled by an
inner momentum feedback loop and combined vehicle loop integrators. The design
goal of this inner loop is to provide a high capability for accurately posi-
tioning the three-CMG resultant momentum vector continuously as a function of




time. This loop is shown in figure 21 in block diagram form (ref. 4 ), including
the vehicle loop integrators but excluding CMG characteristics. A complete
dynamic analysis of this control scheme is virtually impossible because of its
nonlinearity and complexity. However, quasi-linear analysis is straightforward
where gimbal angle variations are assumed small. A simplified case is presented
where all gimbal angles are assumed near zero to allow the generation of
required CMG phase and gain for inner loop stability at this particular orien-
tation. The analysis proceeds as follows: -

Neglecting higher order small terms, the six command gimbal rates are

B1, = KsiHey

ézc = KgrHe,

éic = KgpHex ‘ (1)
a4, = Kgifle, . |
c.°2¢A"" -Ks1Hex

| G}c = -KSLHey
where Kgy, is the steering law forward loop gain.

The three momentum error signals (where cormand momentum is equal to
initial momentum) are

H-(H;me+mﬁ

Hey =
Hey = H - (H - Hag + Hp;) (2)
He, = H - (E - Huy + HB»)

Substitution of equations (2) into equations (1) yields the following,
six relations. ,

By, = KgrH(as - By)

dz, = KgrH(By - a3) .

Bog = Ksphleq - B2) )
a1, = KerH(Bz - o) '
B3, = KsiH(ap = B3)

dp, = KgrH(B3 - ap)

These six equations are three sets of two equations with two variables.
The first set is shown in block diasgram form in figure 22(a), where the CMG
15 included as an output rate to input command rate transfer function, (G(s)).
This diasgram can be simplified to that of figure 22(b). The stability of the
simplified loop is expressed by the inequality

6
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' G(s) "y
-2KgTH | <1 (k)
s ¢CMG_= - ( 90°+n3 600 )
For the first crossover (n = 0) this inequality means that
® ,
..900 .
(Ksnﬁhmn;<:ETE(;*——31 (5)
| -90°°1
where o 900 15 the CMG 90° phase lag frequency (rad/sec) and G(w 900) is

the CMG gein at this frequency. An average value of (KSLH)max usiﬁg

. equation (5) for the six initial CMG servo loops was, KgiH = 2.5.

Initial simulation runs of the ATM attitude control»system with three LRC
CMG's have been completed. Typical initial stability data for the proposed
£light system are plotted in figure 23 as stable (*) or unstable ([1) points
for a set of inner loop (momentum feedback loop) gains, KgpH, and outer loop
(vehicle loop) attitude gain, K,, expressed as a fraction of the ATM design

‘gain. Constant vehicle damping was the criteria for selecting vehicle rate

gain. Stable inner loop gein, KgrH, was consistently an order of magnitude -
lower than the design velue, KgqrH = 10.5. The effect on stability of
increased CMG servo loop gain and increased noise filter_bandwidth is also

‘shown in figure 23.

The primary cause of the low inner loop gains is gear train deadband and
compliange. Gear plating and gear bearing preloading were accomplished and
figure 23, a plot of average CMG gimbal rate limit cycling (fine-pointing
mode - no disturbances acting) for increasing inner loop gain, 1llustrates the
improvement in performance. )

The resulting simulation was not considered acceptable for further
planned maneuver, acquisition, and crew motion investigations, however, since
1imit cycle magnitudes were still too large for acceptable system life and
acceptable vehicle pointing accuracy. A compensation-filtering scheme was
incorporated into the simulation where the actual CMG gimbal positions used in
calculation of system momentum are altered on a high frequency besis, but where
the de signal of the compensation filter remains the actual gimbal position.
This is accomplished by adding the CMG command rate to the gimbal position and
filtering the sum. The signal S

agimbal + Khbommand , . (6)
1+ KS ’ '

is substituted for Qgimbal alone. This eliminates high frequency limit
cycling caused by phase lag associated with actual gimbal position, Cgimbals
since for high frequency o




© Sgimbel * Kvommand | B
& - H . ’ e

a

and also allows for continnous update of gimbal.;nsition, since for low
frequency o :

Cgimbal *+ Kdcommand 8
1 + KS ~ %gimbal &)

Figures 25 and 26 show CMG operation with and without the above compensa-
tion filter as the CMG's maneuver the ATM 0.05° on all three axes. No
noticeable inner loop limit cycles are present after the maneuver is complete.
Further data (all analog similated inner loop) have shown that a compensation
gain’'as low as = 2,0 with KgiH = 20.0 1is possible with adequate gain
margin. - '

Figures 27(a) through (m) illustrate CMG inner loop response to a step
command moment of 100 ft-1b. The figures show the improved inner loop response
as the compensation-filter gain, K, is increased. Figures 28(a) and (b)
present CMG inner loop response to a sinusoidal command moment of 100 ft-1b
at 1.0 cps. The figures illustrate the decreased resonance and increased
phase associated with the compensation filter. All data are for the Integrated
three CMG system hardware with the initial digital inner loop.

The simulation uses CMG gimbal potentiometers rather than gimbal resolvers
as in the ATM flight system, however, and is not in itself directly applicable
to actual ATM CMG system hardware. The following describes a proposed method
for using the same logic as that used in the LRC simulation but specifically
adeptable to the ATM hardware.

Proposed Compensation Filter

The above logic for the H-vector system change is based on substltutlon
of the function

"o = Qrimbal * Ko ommand
1 + KS

into the system momentum calculatlons rather than the gimbal potentlometer

reading, ap, directly. Sin "a" and cos "a" ' are thus smooth stable varisbles

and inner loop limit cycling is eliminated.

For the ATM hardware, gimbal sine and cosine resolvers are used énd thus
agimbal 1s not available. However, the substitution of the functions

"éin G." = (Sin a')r + (COS c")I‘KE!'COIIIIH&I'Id.
1l + KS

]
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and

"oos a" = (cos a), - (sin a) K&

1+ KS

command

where (sin o), = gimbal sine resolver signal and (cos o), = gimbal cosine
resolver signa.l, is equivalent to the correction used in the LRC smulation,
using only signals available in the ATM flight system. The LRC simulation is
presently being modified to include gimbal resolver signals rather than gimbal
potentiometer signals to validate the above corrections experimentally.

.. The equivalence of both corrections can be shown by expanding the trigono-_ '
metric gimbal angle relations as follows:

Tgimbal + K“‘ >

"sin a" = sin
1 + KS

sin(g‘gghﬂ)cos(_}fgc_)
1+ KS 1 + KS

K&,
+ cos(“gimba.l\ sin( c )
1

1 + ks/ + KS

Assuming that

K“‘C
1+KS

~ small

then

- "sin a" = 's,in<—5———c‘:'L imba.l) (1) + cos(“gimbal)( fxe )
- +

‘Also aésuming thgt




then

" sin “gimba.l + cos “‘gimba.l K&c

"sin a" = '
1l +KS l1+KS 1+KS
Finally, the veariation between
cos a‘gimba.l
1 +KS
and cos is assumed not to be significant in the second or correction term -

(a fact to be experimentally verified). Therefore,

sin agymhay + (cos gimba.l)(K&'c)
1 + KS

"sin a" =

(sin @)y + (cos a)rKloommand

1+KS

The analysis for "cos a" is similar and will not be included.

CMG SYSTEM OR OUTER LOOP STABILITY

Digital simulations of the ATM-CMG control system have demonstrated space-

craft attitude (outer loop) instabilities at certain CMG orientations. A - :
sumary of digital simulations of acquisition maneuvers at unfavorable initial -
MG (noncollinear) orientations and some typical data traces are presented.

By means of a linearized analytical treatment of the control system, minor .
proposed modifications of the system are developed to stabilize the vehicle.

A sumary of digital simulations of acquisition maneuvers at unfavorable
initial CMG orientations incorporating one proposed modification of the control
system are included herein. - '

‘The linear a.né.]ysis of the CMG control system is developed below, incorpo-
rating both the MSFC and the LRC QMG coordinate systems (fig. 3).

Linear Analysis of the H-Vector Feedback Control System

Figure 29 schematizes the CMG control system in LRC coordinates, with' -
simplifying approximations made for small vehicle attitude and attitude rate
errors. The simplifying approximations and the differences between the MSFC
orientation and the IRC orientation control systems are noted in the discussion

10
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immediately following. Vehicle flexibility is neglected for the linear
analysis but included in all simulation data. ’

’

The Euler angles of spacecraft attitude error, ex, ' 85 are trans-
formed into commanded moment components, Mex, Mey, Mez, gy means of attitude
gains, Ky, K&, K,, and attitude rate gains, Kgryx, Kry, KRz. The commanded
moment is filtered by a fourth-order filter designed to solate the CMG's from
frequencies associated with.vehicle flexibility. Each component of the ‘
filtered command moment is limited to *#¥200 ft-1b and the negative time integral
of the resulting moment vector is taken, with the constant of negative integra-
tion equal to the initial value of the total spin angular momentum vector of
the CMG's, ylelding the commanded momentum vector, Hpy, Hoys, Hez. The
momentum error vector, formed by subtracting the total spin momentum vector of
the CMG's from the commanded vector, generates, via the steering law, the
commanded inner and outer gimbal precession rates. The steering law in MSFC

coordinates is:

djc = Kop(-Hey sin oy = Hey cos oy)
| 9)

éic = KSL(‘Hei cos @y sin B3 + Hey sin ay sin By - Hek cos Bi)

Before the commanded gimbal rates are fed to the CMG drive system, the gimbal
ratés are limited to the range *3.5° per sec. The outer and inner gimbal
angles are limited to the ranges *175° and *70° or #80°, respectively. In the
MSFC coordinates, the limits on the outer and inner gimbal angles are 45° +175
and #80°, respectively. The computer simulations in MSFC or LRC coordinates
have the appropriate limits on the gimbal angles and rates and have the gyro
transfer functions, Giq(s) and Gjg(s) equal to unity. The control moments
resulting from CMG precession are given by: ' ’

Gy = H[an + dJ)cos By cos ay + (QJ + dq)sin ay cos By

- (QJ + éd sin mJ)sin BJ + (Qk + éi cos ai)sin,ﬂi.

- (9 sin og + 0 cos o + ékjcos Bk] (10)



in IRC coordinates, and

Gy = H[} (qx - 61)cos By sin aj - (a3 - ox)ecos ay cos By
o+ (QJ + éi cos ay)sin By - (9 + ék sin o )sin By

-+ (Qk cos a4 + 93 sin'aj + éj)cos BJJ (11) 3
in MSFC coordinates. These result from - ;
€= -OxH

where g 1is the moment produced by one CMG,__ES is the precessional angular
velocity of the CMG in inertial space, and H is the angular momentum
associsted with CMG spin.

To simplify the analysis, the vehicle attitude rates, 0y, Qy, Q5 are
ignored in equations (10) and (11) with little error, as is shown %y the
following order-of-magnitude calculation. It is assumed that all vehicle
attitude rates are initially zero.

G ~ H(a + d)

where G is the order of magnitude of the control moment, H = scalar angular
momentum of a CMG, Q ~ vehicle attitude rate, & ~ gimbal precession rate.
Note that ; :

Q ~

HI®

where I ~ vehicle moment of inertia ~ lO6 slugfftz._ Hence

Q “'Eg

where s ~ characteristic frequency of control system 5 0.3 sec=l, It follows
that

. G’ - G‘ [
G H(-E + CL) H(-]__OE; + 0.)

or
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where 2000 ft-lb-sec is substituted for H.
The contribution to the control moment, G, from the vehicle rate, Q, is
-3 : )
g—%—%g—— G, which is much less than the total

control moment, and thus much 1léss than the contribution from the gimbal rates.

of the order or less than

In the proposed flight system, the values of the sine and cosine of the
gimbal angles, as measured by resolvers in the CMG gimbal assemblies, are used
in the steering lew and in determining the total CMG spin angular momentum
components, Hyx, Hy, H,. In the idealized computer simulations for this

" work, the gimbal angles are obtained by integration of the simulated gimbal

precessional rates (relative to vehicle coordinste axes) and the sines and
cosines are then calculated by the computer. Neglecting vehicle attitude

rates in equations (10) or (11) is equivalent to considering the vehicle
coordinate system to be an inertial frame, in which case the total spin angular
momentum of the CMG's is the negative integral of the control moment, a fact
which is useful in analysis.

Tpe computer simuletions utilize the Euler equation,
Gy + Mg = T30y + (Ix - I3)0Kdy (12)

(where M; is the ith component of the disturbance torque) to obtain the
vehicle angular acceleration. For analysis of acquisition maneuvers from
jinitial attitude errors much less than 1° and with no disturbance torques and
no initial vehicle attitude rates, equation (12) can be simplified to:

| .
Gy = 138y ‘ (13)

The fractional error introduced by simplifying equation (12) is small and
2 252 . . _
~'g— ~?§Eg— = 0, where coupling of vehicle attitude rates into off-axis Euler
Q s<6 : .
angle rates is neglected (a first order in & effect), @ is the order of
magnitude (~) of the vehicle attitude rates, s ~ characteristic frequency of
system, and 6 ~ vehicle attitude errors. Then, .

13



93(0) 'I—if Hy dt

| o ,

o t [t |

84(0) + 'il" j f G4 dt dt
i (o} o _

To linearize the control system, the vehicle attitude errors are
restricted to a small fraction of a degree, initial vehicle angular rates are
assumed to be zero, and the gimbal angles, gimbal rates, and commanded moments
are assumed to be less than their respective limits. ‘

o |
(1%)

The steering law in LRC coordinates is:

d40 = Kgr( ;Hei sin a; = Hey cos aj) o
Bic = Kgp,(~Hei costaj sin By + Hey cos By + Heg sin oy sin By) (@3)
The CMG control moment components are approximately:
Gy = H(dﬁ cos By cos ay + a; sin ay cos By - éJ sin ay sin By
+ B4 cos ay sin By - ék cos By)

in IRC coordinates. The vehicle behavior as simulated by computer has been
observed to be insensitive to substitution of ideal CM:'s (for which

G,(s) = Gg(s) = 1) for actual CMS hardware when the inner loop (with hardware)
is stable (see earlier section). The assumption follows that :

o

1}

2
e
0

éi = Bie

The CMG control moment components become, in IRC coordinates:

coszaj cos BJ + sin2a1 cos Bi + sinEBJ sin2<x.3

Gy = KgrH {Hei’ Heys Hek} sin ay cos oy cos By

sin By cos By sin ay - sin2[33L sin oy cos ay

,+ cosaa.i sinaﬁi + coszﬁk
- sin ay cos ay sinZBJ = sin By cos By cos aj +'sin By cos'Bk ‘sin oy
- sin By cos Py cos u,k>+ sin a4 cos a4 cos By
(16)
1
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Similarly, in MSFC coordinates,

2

sinacx,i cos Bi"" cos“oi cos Py

Gi

sin “’k cos o coS Bk + sin Bi cos Bi cos Q4

+ cosa_a,i sinaﬁi + sinea.k singﬂk + coseﬁj

sin By cos By sin @ + cos ay sin By coé By

sin o cos ay sin Bx - sin ay sin Bd_éos By

Expanding equations (16) and (17), define the matrix [AJ by:

- M
Ay Ajp A3

{cx, Gy, 6z} = {Hex, Hey, Hez} Ap1  Axp 423
Asy Asp Bs3

e —

| {Hex’ Heys Hez} [AJ

-KstH (Hei: 'HeJ, Hek} sin a4 cos a4y cos Py - sin aj cos aj sinzﬁi .

(17)

(18)

for both MSFC and LRC coordinates. A 2lst order characteristic equation of the

control system can be derived with no ad itional simplifying assumptions.

Neglect of the components of the matrix |A| off the principal disgonal results
in the seventh order cheracteristic equation derived in the following, using
figure 29. The predictions of vehicle behavior based on this simplified theory

‘are then verified by observed computer simulated vehicle behavior. Here,

Gy = Heylyy
and
Hey = Hoy = Hy-

by definition. Note that

(19)

(20)

Ny

.15



and

Gy
- =5
hence
Gy Mpy
Gy = An(— - —)
or
S L S
1= 8§ = Aii )

For KgrH > 0 and IBi|’ |BJ|, |Bk|<?2£’

A4 <O
and

|A4]
L%+ A T

The output of the bending filter is

1
Mps = Moy 5 >
) ll»p:l _ (h-pi +2) ll-p
—+—S3+TS +-w—s+1
woWg w2 "1
where
Moy = -Ky03 - Kpysby
Therefore
| Ass]
11 1
¢1 =2 (’Kiei - KRisei} i
s + |Agy Jder o, (hef ¥ 2) oy :
: ' > o s+ 1
wl‘ W W2 1

16

(22)

(23)

(o)

(5)

(26)

(27)
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Substituting the expression
Gy = I:0 Vse (28)
b i¥1 _

into (27) end arranging in standard form yields

2
I ol + |A14] Ty + bps Ty 6 & (4o ;- 2)14 . hpyI4 5
bosTy  |Agy (k3 + 2)14 .
b 2
Wy + W% s’ + (11)53 + '(léii'li)s _
-+ (Kpy[Agg])s + KyfAsa) = 0 L (29)

The above is valid for 'eithe_r MSFC or IRC coordinates.

Equation (29) was solved numerically, varying the parameter.|Asi|, for
present design values of the functions I3, Wi, p3, Kj, and Kgy, which ere:

0.4555 x 10° slug-t2

I, =
Iy = 3.475 x 108 slug-rt2
I, = 3.235 x 106 s1ug-rt2
W = k.26 ra,d/éec
Wo = 1.5 ra.d/sec‘
Wy = 2.6 rad/sec
. pl = 0.5
po = 0.5
93 = 0.5

17




Ky = 1475 x 100 £t-1b

e

2.95 x 10° £t-1b

Ky = T.375 x 10° £t-1b .

Kpy = 2.95 X 10° ft-lb-sec ' |
= 6 t=lbh=

KRy 1.1 x 10 f£t=1b sec_ - '

Kg, = 2.46 x 106 ft-1b-sec

The parameter |Aii| was varied from the maximum possible value when the
steering law constant Kg is the design wvalue, 0.00525 slug‘l-ft'2, to
values which resulted in vehicle instabilities (positive real parts of any
solution for s). In IRC coordinates, the element Ajj is, from equation (16),

Ay = -KSLH(cosauj cos By + sinfa; cos B; + sineﬁd sinaaj

+ cosaai sin?Bi + coszﬂk) (36)

o

The 1limits on the inner gimbal angles, By, are plus and minus an acute
angle, and so, cos B;.> 0, cos By > 0, and cos By > O. Thus all the terms
in parentheses in equation (30) are positive, and the minimum value of IAii
results when ai =0 or =, aj = ig, B1 = 0, By =0, P = BL, ylelding
|A11] equal to KgsiH cos2BL sec-l. In MSFC coordinates, the element A4y 1is,
from equation (17) . :

Ayy = -KSLH(sin?ai cos By + coseak cos.Bk + cosaai sineﬂi

+ sin?ak sinzﬁk + coseﬁj) v (31)

The minimum value of |Ayj| results when oy = i%, aj =0 or )
By =0, Bx =0, By = P, ylelding |A11] equal to KsrH cos®By, sec™L.
For B1, = 380, |A11|' has a minimum value of 0.317 sec  in either MSFC or
IRC coordinates. For Br, = ¥70°, |A11| has & minimum value of 1.23 sec-l.

_ Figures 30, 31, and 32 display the real parts of the solutions of
equation (29) for s for 8y, 6y, and 8y, respectively. The least damped
root, for all axes, rapidly approaches zero demping as |Aii| drops . from o 8
about 5 sec’l, indicating deteriorating vehicle control capability. - Figure 33 :
is a plot of the least damped root for all axes in the neighborhood of neutral
stability (zero damping). The linear model predicts neutral stability at o
|A71| = 0.963 sec=l or |App| = 0.825 sec™k or |Asz3| = 1.10 sec™l. Digital )
simulations of acquisition maneuvers from initial spacecraft attitude errors :
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of 10°* rad (~ 0.006°) on &1l axes (which is in the linear range) with ideal
gyros (gy(s) = gB(s) = 1) demonstrated neutral stability at the following
initial gimbal angles, in LRC coordinate8°
8x neutral stability; ‘ay = 90°, B3 = 68 89, other gimbal angles zero
8y neutral stability; oz = 90° s Bl = T1.0° » other gimbal angles gzero
8, neutral stability; ay = 90°, Bo = 60.2°, other gimbal angles zero
vwhere Bj, = +80°., The linear model predicts neutral stability at the following
gimbal angles:
0x neutral stability; ao = 90°, 83 72.4° s other gimbal angles zero
‘neutral stability; as = 90°, B3 = T3.7°, other gimbal angles zero
8, neutral stability; a, = 90°, By = T1. 2° s other gimbal angles zero
by virtue of the fact that KELH cose(72 40) = 863 sec™1,
|Aop] = KgiH cos 2(73.7°) = o 825 sec KsiH cos” (71.2°) =1.10 sec™
respectively, where KgrH is O, 00525 X 2000 lO 5 sec™ , the design value.
Figures 34(a), 34(b), and 34(c) show computer simulated vehicle attitude for

three acquisition maneuvers in the neighborhood of neutral stability for 6.

There are CMG gimbal orientations in which the off-diagonal components of
the matrix Eé] vanish. Some examples are, in both LRC and MSFC coordinates:

(a) all gimbal angles = O

(b) .ay = 390°, other gimbal angles zero

(¢) ap = #90°, other gimbal angles zero

(@) a3 = i90°, other gimbal angles zero
as can be seen from equations (16) and (17).. As a check of the linear model of
the control system under conditions where the complicating effects of the off-
disgonal elements of the matrix |A | are not present, computer simulations_of
acquisition maneuvers were run at gimbal orientations that diagonalize EA .

The value of KgyH was varied in order to induce neutral stability and
instability. The following summarizes the results.
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NEUTRAL STABILITY, (IRC COORDINATES)

Initial K,
noos Initial nonzero Kg1H SIH
gimbal . imilated predicted by
angles attitude angles simlated | 5 4near model
o _ 10t ‘
ap = 90°, |6y =210"" rad 0.9625 0.9625
others zero :
ap = 90°, |0y =8y =0, = 10™* rad| 0.8 0.825
others zero : A :
_ ap® =k : \
ay =907, 8y = 10 " rad 1.1 1.1
others zero

Figures 35(a), 35(b), and 35(c) are recordings of the simulated vehicle attitude
for these acquisition maneuvers. The predicted value of KgrH for neutral
stability is found by means of equation (30) and figure 33 as follows:

For. a; = 90° and others zero, Ay = -3KgiH
For ayj = 90° and others zero, Aj; = -KgiH
For ay = 90° and others zero, Ajj = -2KgrH

For neutral stability in 64, Aj; = -0.9625

_ For neutral stability in 6y, App = -0.825

For neutral stability in 6,, Azz = -1.1
Therefore, predicted neutral stability occurs for

9, at ‘= 90° and others zero when KgpH = 0.9625
x a2 S

"oy at az = 90° and others zero when KgiH = 0.825.

8, at a; = 90° and others zero when KgrH = 1.1
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Figures 36, 37, and 30 display the imaginary parts (frequencies) of the
complex solutions of equation (29). The negative imaginaries of the complex
conjugates to the roots with positive imaginaries are not plotted. The frequencies
of the least demped solutions are observable in computer simlations of the CMG
control system near the condition of neutral stability with respect to the axis
to which the solution pertains; the wave forms of the spacecraft attitude then
persist long enough for the wavelengths on the recording chart to be measured.
Figure 39 is a plot of the solution frequencies in the neighborhood of neutral
stability and of frequencies observed in computer simulations of the control
system in IRC coordinates with ideal CMG's. The "ecoupled x" data points
correspond to the condition ap = 90°, B3 = 70°, other gimbal angles zero, and
KgrH has the value required to make Aj7| equal to the value on the abscissa.
Similarly, "coupled y" means asz = 907, B% = 70°, and "coupled z" means
ay = 90°, Bz = 70°. "Uncoupled” x, y, 2z correspond to the condition -
ap = 90°, a3 = 909, and a; = 909, respectively, with ) KgiHl varieble. The
initial vehicle attitude errors are 6x = 8y = 0z = 10" rad except for the
"uncoupled x" and "pncoupled z" cases, where the nonzero initiel attitude
errors are 0y =.10"" rad and 6, = 10~ rad, respectively. The term,
"eoupled," indicates that the off-diagonal elements of the matrix [;] are not
all zero. : '

Table II is a summary of simulated acquisition maneuvers in MSFC
coordinates, incorporating the isogonal correction logic. The isogonal scheme
tends to minimize the inner gimbal angles and to space the individual CMG spin
angular momentum vectors symmetrically with respect to the total CMG spin
angular momentum vector. The simulations of table II are outside of the
linear range of the control system; the filtered commanded moment limit and
the gimbal rate limit are both invoked.

Equation (24) and the linear model indicate increasing lag of the control
moment, Gi, with respect to the filtered commanded moment, Mpi, as the - '
megnitude of the matrix element Ajj decreases. One way to try to avoid the
instability assoclated with low |[Ajj| 1s to raise the lower limit on |Aii|
by increasing . KgrH and/or narrowing the limits on the inner gimbal angles.
The upper limit on KgrH 1s set by the requirement of inner loop stability.
The inner loop is sketched in figure 29 and discussed in the previous.section.
The penalty paid for narrowing the inner gimbal travel is that the inner
gimbals will hit their stops more often than before, thus reducing MG
redundancy and torque linearity and/or more power will be consumed in moving
the inner gimbal away from the stops. These possible remedies will be investi-
gated in the future. Another stabilizing modification of the control system
is to replace the negative integration of the limited commanded moment, Mp, by
an operator 2, such that Hg; = g%%. The following is a derivation of the
operator, 2, utilizing figure 29, for both MSFC end LRC coordinates. With

M .
Fi
Hey = vl | (32)




Fi

and replacing the relation, Hy = —=, by Hei = ZMp; 1n figure 29,
Heg = Hog - Hy =MNpy * 2 - H
Gi

By equations (32) and (18),

My

Ay M2 "(AiiHei *BygHey + AjyHex)

so that

Ays M Agp M
g L1 _ 5(1+ 13 MFy Atk Fk)

Ay s Ajg Mp1  Axx My (33_)

the constant of integration being the initial value of Hj. The control moment
becomes equal to the control moment of the unmodified control system at '
infinite IAii|: that is, there is no lag from Mpy to Gj. Note that .
division by the Aji's  1s allowed because they are never zero. The control
moment Gy 1is, by equations (18) and (32):

Gy = AjsHey + AjyHey + AgpeHex o
- (34) -

Aij A |

= MFi AJJ MFk

Figure 40 schematizes the assumed linear circuit equivalent to the circuit
of the control system employing the operator Z. The equivalent circuit has no
inner loop, however, the idealized computer simulation represented by figure 40
and used to test the utility of the Z operator is equivalent to the idealized
computer simulation of the CMG control system incorporating the inner loop and
the operator 2Z, when all simulated CMG's are fully functional.’

The real parts of the least damped roots of the sixth order. characteristic

equation for the linearized control system represented by figure hO, neglecting
the nondiagonal elements of the matrix A, are:
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(1]

For ex, ;0.352 sec'l, independent of All

For 6., =0.167 sec'l, independent of Ayy

y,
For 67, -0.390 sec™, independent of Ass

Comparison of these root parts with the real parts of the roots of the
characteristic equation for the linearized control system of figure 29
indicates that the Z operator increases vehicle stability at low values

‘of |Ay4] . Idealized computer simulations demonstrate that the 2 operator

improves the CMG system control capability overall. Table III is a summary

and comparison of idealized digital simulations of vehicle acquisition
maneuvers performed by the CMG control system with and without the Z. operator.
The simulations, in IRC coordinates, are outside of the linear range of the
control system because gimbal rates and filtered commended moments are confined
by the limiters.

CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations for this paper are divided into the
three ATM-CMG system areas: (1) the CMG servo loops, (2) the ATM H-vector
inner loops, and (3) the controlled ATM vehicle attitude loops.

1. The main CMG problem areds consist of developing and implementing a
responsive and accurate gimbal rate servo loop consisting of optimized
mechanical and electronic components. Mechanically, optimization consists of
the utilization of the most efficient and linear components possible such as
brushless de torquers, low-compliance—low-deadband gear trains, etec.
Electronically, optimization consists of designing servo loop compensation
which will allow wide bandwidth control of the gimbal rate itself with the
ability to cancel nonlinear mechanical effects introduced by elements such as

‘gear trains. As demonstrated by the performance of the CMG's in spacecraft

simulations, the ability of CMG's to accurately control the attitude of a
spacecraft is directly dependent on the responsiveness and accuracy of the
gimbal rate loops. Consequently, it is highly desirable to develop servo

loops approaching the ideal time optimal response characteristics. A CMG unit
optimization program is underway at Langley Research Center which will provide
time (and energy) optimal second and third generation CMG hardware for attitude
control systems of this type.

2. The concept of H-vector or CMG momentum feedback has been found to
be an extremely difficult concept to implement with state-of-the-art CMG
hardware. The LRC digital simulation has shown that for the required ATM
design gains the proposed system will not function satisfactorily. The inner
loop compensation-filter scheme discussed in this report will eliminate the
inner loop instabilities for the IRC simulation and should have a similar
effect for the flight system, but i1s in no way a substitute for compatible
control logic~-CMG hardwere. : .
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%, Analysis of a linear model of the ATM CMG control system reveals some,
but not all, of the mechanisms for vehicle (outer loop) instebilities. One of
the causes of vehicle instabilities is excessive phase lag of the control
moment with respect to the commanded moment. The excessive phase lag results
from low megnitudes of the diagonal elements of the momentum-error—to-control—
moment transfer matrix at certain CMG orientations. The incorporation of a
filter, termed the Z operator, into the control system compensates for the o
phase lag and eliminates instabilities in both the linear and nonlinear regions.
The modified H-vector control system (Zz operator modification) shows sufficient
promise to warrant further study although the additional computational require-
ment coupled with the present computational requirement of this system may
exceed & rational limit. The possibility of stabilizing the spacecraft by .
increasing - KgrH and /or narrowing the limits on the inner gimbal angles, as
an elternative to the z operator, will be investigated in the future. Also,
the response of the system with a CMG failed has been shown to cause outer

loop instabilities. This is being investigated and data will be published in
the future.
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TABLE I CMG Constants

K

KL

T1
T2
'3
T
5
76

181
6.8

22 volts

0.16 ft-1b/volt
o.oos‘snue £t2
67.6

47,000 £t-1b/rad
0.427

4.9 SLUG £t2

4.0 SLUG f£t2

0.15 ft-1b

1/573 rad

1000 ft-1b/sec
1.53 volts/rad/sec.
0.1 sec .

1.0 sec

0.5 sec

0.003 sec

0.02 éec'

0.0033.sec'




A = +80°
Ini%ial non-zero

! d3= 900,/82'-'—' 800

°(1=90°
i Rkl
S Dol
- (o]
O(l""go

Gimbal angles, deg.

TABLE II

Initial Spacecraft
" Attitude errors, rad.
9% =9y= 72

.8725 x 102
.8725 x 1073

Stability

SUMMARY OF ACQUISITION MANEUVERS, H-VEGTOR WITH ISOGONAL CORRECTION,MSFC COORDINATES

temporarily unstable x

temporarily unstable x |

.8725 x 1.0:3 o tempb;;rily unstable y ‘ 85
.8725 x 1073 | - stable ) o 6'0- - t
8725 x 107 temporarily wstable s 65 o
8725 x 1073 " unstable x - §~
amasx10? | stable T s
8725 x 1073 unstable y. - N _;
.8725 x 10‘>3 temporarilsr -ufxstat;lé z 229 : ;
.8725 x 1073  stasle - | 55 o ;
.48725 x 1072 ‘.Pe.mporarily ms£ab1e ¥ . .ggom {
.8725 x 1072 ) unstable y | - ,
.8725 x 10-3 ctable T T E
.8725 x 1072 stable 200
8725 x 1072 T stable i 160 :
B T e =
.8725 x 1072 ] wnstable 7 & z - o

Acquisition |
Time, sec. f

.

75 B



TABLE III

SUMMARY OF ACQUISITION MANEUVERS,LRC COORDINATES

(o]
Control Law Irf’ftlfa; iozgzero Ati?iﬁzlEiggggfrgg. Stability A;g:ifi::g?
Gimbal Angles, deg. 9% =8y =3,
New (as per Fig. #1) 1 =olp=cly =45 .8725 x 1073 stable 30
o (as per Fig. 29) ol 1 =d2 =3 = 45° <8725 x 1073 stable 40
" New | o 2= %0°,£4=70° .8725 x 107> stable 40
" oud tp= %%, By = T0° .8725 x 107 ~ stable ' 25
" New . 3= 50° B, = 70° 8725 = 1073 stablo, initial x cverchoot 60
014 ' o3 = 90°, ‘51 = 70° .8725 x 1073 rastablo x and y -
E;Q | ol = 90°, O, = 70° .8725 x 1073 gtadle, initlal x overshoot 0 1.
. 01d ' o/ = 9% By = 70° .8725 x 1073 temporarily unstable x and y 85
New B 5 = .6‘3 = 70° .8725 x 1073 ‘stable o 40
. 01d : £ =03 = T0° .8725 x 107> .unstable x -
_New S B2=P3 = 70° -.8725 x 1072 stable | 35
o , o =13 = 70° -.8725 x 1073 unstable x -
“New | 51 =85=1° .8725 x 1073 stable : 50
014 o | B =3y=170° . 8751073 tnatable y -
i"‘NW - B1=0,=1° .8725 x 1073 stablo | 45

;Old . 21 =F2=10° .08725 xt 19™3 4omporarily wnsiable o 68 -
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Control Law

- New

01d

New
014
014
0ld

New

. 01d

TABLE III,-CONCLUDED

Ay =+ 70°
Initial Non-zero

- Gimbal Angles, deg.

b1=6,= 1
F1=8,=10°

. dl - 900’ ‘62 - 700

ol = 90°, B, = 70°

Csl - 900"32 = 70°
o{q = 90°, 85 = 70°
L _ An0
0(1 = 90°

Initial Spacecraft
Attitude Errors, rad.

-.8725 x 10>
-.8725 x 10~
10~4

10~4

102
1.5 x 10~

.8725 x 1072 -

.8725 x 10=3

Stability

stable
temporafily unstable z

stable

~stable, initial x, y, 2

o?ershoopn_bf
stable

teﬁporarily unétable
stable

unstable y

ey
Acquisition
Time, ssc.

35
70

o e
45

110
160 .
110
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TABLE IV.~- Conversion Table

U. S. Customary Units

S. I. Units

L i S

inch
foot-pound
pound

slug-foot2

.0254 meter
1.356 Newton-meter
4. 448 Newton

1.356 kilogram.—-meter2










"~ H(2) LRC Coordinates

v
<

=
~~
[
S

n
=
~~
N
S

1]

H(3) = 2000 ft-1b-sec

H = H(éosd, cos,s,-sincgcosﬂa-i-sinps)

x
‘Hy = H(cosa, cosg -sind, cos,ejl-bsin,e,)
'Hz- = H('cosd’ cds% -sind, 'cos,3'+sinpa) o

Az

.MSFC Coordinates

‘ H(1) = H(é) = H(3) = 2000 ft-lb-seé
H, = H(cosecosA -sinog cos4, -"sinﬂ;) |
Hy = H(césdacos,924sind, cosy, -sing )

H = H(cosd,Cosg,-sind, cosf, -sing, )

Figure 3.~  Control moment gyro orientation. |
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Fiqove 25. — COMPENSATED CONTROL SYSTEM RESPONSE
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